Introduction
Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) has great potential for determining the average molecular weight and molecular weight distribution of polymers without the need to refer to any polymer standards. However, it has been thought up to now that accurate molecular weight distribution could be achieved by MALDI-MS only for polymers with a narrow molecular weight distribution (typically, polydispersity index; PDI < 1.1) mainly due to the mass discrimination effect. [1] [2] [3] [4] [5] To avoid this effect, several authors have proposed a hyphenated technique that combines size exclusion chromatography (SEC) with MALDI-MS (SEC/MALDI-MS). [6] [7] [8] [9] According to this technique, the polymer sample is fractionated by SEC, and then the representative molecular weight value (typically weight average molecular weight; Mw but sometimes peak molecular weight; Mp) of each fraction determined by MALDI-MS is used to generate an absolute SEC calibration curve. The average molecular weight of the original polymer samples can be calculated by using SEC chromatograms thus calibrated. Various applications using SEC/MALDI-MS have been reported for the characterization not only of homopolymers such as polystyrene (PS), 10 poly(methylmethacrylate) (PMMA), 11, 12 polycarbonates, 10, 13, 14 and polyesters, 10, 15 but also of some copolymers 10, 11, [15] [16] [17] and polymer blends. 18 However, it should be noted that correct molecular weight distribution might not be necessarily obtained even by SEC/MALDI-MS, mainly due to the band broadening on the SEC chromatogram and inadequate calibration, as was theoretically pointed out by Lou et al. 19 The former band broadening is frequently encountered in SEC measurements. As for the latter problem, an inadequate calibration curve is caused by the fact that the exact retention volume corresponding to the representative molecular weight values such as Mw and Mp of each fraction is often shifted from the center retention value of the fraction. The SEC calibration curve generated using the center retention value of each fraction is likely to deviate to some extent from the accurate version of the calibration curve.
As an improvement to the conventional SEC/MALDI-MS using the calibration mentioned above, Lou et al. have proposed a novel SEC/MALDI-MS method that does not depend on SEC calibration, namely SEC fractionation-MALDI-MS. 19 In their method, the peak area of each fraction on an SEC chromatogram and the average molecular weight values of each fraction determined by MALDI-MS are used to determine the average molecular weight of the original samples. This method allows the problems caused by band broadening and inadequate calibration to be circumvented. By using the SEC fractionation-MALDI-MS, a PMMA sample with wide polydispersity (PDI = 1.82) has been successfully characterized. 19 However, SEC fractionation-MALDI-MS is insufficient for detailed determination of molecular weight distribution, because the mass spectral data for each fraction are condensed to average molecular weight values, even if sharply resolved MALDI mass spectrum peaks are observed for constituent polymer molecules.
Recently, we have characterized a commercially available A novel data processing method for a hyphenated technique, size exclusion chromatography/matrix-assisted laser desorption/ionization-mass spectrometry (SEC/MALDI-MS), has been proposed to determine accurate molecular weight distributions on the basis of the individual oligomer species of a polymer. This method is based on the concept that the individual peak intensities of MALDI mass spectrum observed for every SEC fraction with narrow molecular weight distribution could be adjusted to the quantified values to reveal the accurate molecular weight distribution using the signal intensity of the corresponding fraction on the SEC chromatogram observed with a refractive index detector. At first, the theory of the proposed date processing is described in detail. Then, experimental verification of the method is described. This was performed through the characterization of mixtures of three kinds of monodispersed polystyrene reference materials (weight average molecular weight = ca. 6000, 10000, and 18000) as model samples. An accurate trimodal molecular weight distribution for the individual oligomer species of the sample was obtained without any influence of the chromatographic band broadening observed in the original SEC chromatogram. Moreover, the method for depicting the elution profiles of individual oligomer species during SEC separation was also obtained as a "mass chromatogram" using the data processing procedure. poly(ε-caprolactone) (PCL) oligomer sample using an originally proposed SEC/MALDI-MS data processing method. This is based on the concept that the individual peak intensities of MALDI mass spectrum observed for every fraction can be adjusted to quantitative values using the peak area corresponding to the fraction in the SEC chromatogram. This can be detected by an ordinary SEC detector, such as a refractive index (RI) detector. Summing such adjusted peak intensities for MALDI-MS of all fractions might make it possible to depict accurately the detailed molecular weight distribution based on the composition of each oligomer with different molecular weights. Here, we term the proposed SEC/MALDI-MS "SEC/peak adjustment MALDI-MS" (SEC/paMALDI-MS). By using SEC/paMALDI-MS, the PCL oligomer sample with wide polydispersity (PDI = 1.63) was proved to be composed of three types of PCL molecules: PCLdiol, α-carboxy-ω-hydroxyPCL, and cyclic PCL. 20 In this preliminary study, a molecular weight distribution of each type of PCL oligomers was obtained as a function of their degree of polymerization.
However, theoretical and experimental verification of this method was insufficient at this stage.
In this paper, the theory of SEC/paMALDI-MS data processing is first described in detail. Then, we explain how the proposed method is experimentally verified through the characterization of mixtures of monodispersed polystyrene reference materials as model samples. The PS mixture with trimodal molecular weight distribution used in this study is a suitable sample for revealing the problems relating to band broadening and inadequate calibration curves encountered in conventional SEC/MALDI-MS using SEC calibration. By comparing the results by SEC/paMALDI-MS with that by the conventional SEC/MALDI-MS, we demonstrates the advantage of SEC/paMALDI-MS, which enables the inherent problems in SEC separation to be avoided. In addition, a method for depicting the elution profiles of individual oligomer species during SEC separation as a "mass chromatogram" will also be proposed using the data processing procedure.
Theory
Provided that the molecular weight distribution of each fraction with PDI < 1.1 collected by SEC can be accurately observed by MALDI-MS without mass discrimination effects, the peak intensities If,i of the i-th oligomer in the f-th fraction observed by means of the MALDI-MS detector (typically a micro-channel plate detector) which counts the number of ions, would be correlated to their mole fraction, xf,i, in the original sample,
where kf can be regarded as the response factor of MALDI-MS measurement for the f-th fraction.
On the other hand, the peak area fraction Af of the f-th fraction observed by RI detector of SEC should be equal to the sum of the mass fraction wf,i of each oligomer contained in the f-th fraction:
The mass fraction wf,i is proportionate to the product of the mole fraction xf,i and the molecular weight of the i-th oligomer Mi,
where a is the proportional constant. That is,
Substitution of Eq. (1) into Eq. (4), followed by rearrangement, gives (5) Since the values of Af, If,i, and Mi can be experimentally determined by SEC and MALDI-MS measurements, the products of the constant a and the response factor kf for each fth fraction can be derived. Here, the left-hand side of Eq. (5) was defined as the correction factor k′f;
By substituting Eq. (6) into Eq. (1), one can describe xf,i as follows:
Summing Eq. (7) for whole fractions and whole oligomers gives (8) Since the left-hand side of Eq. (8) is 1, the constant a can be calculated by (9) Solving Eqs. (6) and (9) for kf gives (10) Using k′f obtained from Eq. (5) and observed If,i, one can calculate the response factor kf for each f-th fraction. Finally, substituting kf into Eq. (1), we can determine every mole fraction xf,i
The composition of the i-th oligomer Xi in mol% and Wi in wt% are provided by the following equations:
A plot of Xi (mol%) or Wi (wt%) against molecular weight (or degree of polymerization) gives accurate molecular weight distribution based on relative abundance.
On the other hand, a plot of Xf,i against fraction number (or 
SEC measurement and fractionation
SEC measurement and fractionation were performed using an HLC8220 GPC system (Tosoh Co., Tokyo, Japan) equipped with an RI detector. SEC separation was carried out using Tosoh G-5000HXL, G-3000HXL and G-2000HXL columns (7.8 mm i.d. × 300 mm long each) connected in series, where exclusion limits for PS in Mw were 4 × 10 6 , 6 × 10 4 , and 1 × 10 4 , respectively. All SEC experiments were operated at 40˚C using chloroform as the mobile phase (1 ml min -1 ). The injection volume of the sample solution with the polymer concentration at 1 mg min -1 was 100 µl. Fractionation was performed by collecting about 0.167 ml each (10 s) of the eluent into a tapered glass vial. Here, the time delay between RI detection and fractionation was approximately 8 s, which was corrected in the SEC/paMALDI-MS data processing. The vials containing the collected solution were vacuum-dried and stored until MALDI-MS measurement.
MALDI-MS measurement
As the matrix, 1,1,4,4-tetraphenylbutadiene (TPB) was used without further purification, since it provides clear MALDI spectra with minimum silver cluster interference. 21 In addition, silver trifluoroacetate (AgTFA) was used as the cationization salt. The matrix solution (10 mg min -1 in tetrahydrofuran (THF)) and the cationization salt solution (1 mg min -1 in THF) were mixed at a ratio of 5:1. One microliter of the matrix solution containing the cationization salt was added to the vial containing fractionated samples, and then 0.5 µl of the sample/matrix solution was spotted onto the MALDI sample plate.
The MALDI-MS measurements were performed using a Voyager DE-PRO time-of-flight mass spectrometer (Applied Biosystems, MA, USA) equipped with a pulsed nitrogen laser (λ = 337 nm, 3 ns pulse width, and 3 Hz frequency) and a delayed-extraction ion source. The laser beam intensity was experimentally attenuated to just above the threshold for analyte ionization. Ions generated by laser desorption were introduced into the flight tube at an accelerating voltage of 20 kV in the reflector (2.0 m flight path) positive ion mode. Delay time and grid voltage settings were optimized to match the mass range being measured. Each mass spectrum was obtained by averaging 200 -1000 laser shots. Figure 1 shows the MALDI mass spectrum of intact PSmix-A with a ratio of PS 6k/10k/18k = 16.7/33.3/50.0 (= 1/2/3) in weight. Trimodal molecular weight distributions of silvercationized PS molecules [M+Ag] + were clearly observed corresponding to the three-constituent PS 6k, 10k, and 18k. When the ratio of the peak intensity observed by the MALDI mass spectrum relating to the numbers of ions was converted into the weight ratio, however, the composition of constituent PS estimated from the peak intensity was PS 6k/10k/18k = 1/1.32/0.67 in weight. The considerable difference between the observed value and the feed ratio can be explained by the mass discrimination effect, mainly due to suppression of ion formation and the detector response for higher molecular weight components. [1] [2] [3] [4] [5] Conventional SEC/MALDI-MS using SEC calibration was then applied to the characterization of PS mixture samples. Figure 2 illustrates the SEC chromatogram of PSmix-A together with the MALDI mass spectra of some fractions. Fractionation was carried out in the range of 20.83 -24.50 min for 10 s. (approx. 0.167 ml each), and a total of 22 fractions was collected.
Results and Discussion
For many fractions, relatively narrow peak distributions were observed on the MALDI mass spectra, as seen for fractions #4 and #15 (Fig. 2) . However, a bimodal molecular peak distribution was also observed for the fractions collected at around the bottom of the SEC chromatogram, such as fractions #6 and #7 in Fig. 2 . Since polydispersity of all fractions was within 1.04, any mass discrimination effect on the mass spectra would be negligible for each fraction, even for fractions with a bimodal peak distribution. These mass spectral data were then condensed into Mw values to generate an SEC calibration curve. Figure 3 shows the calibration curve for conventional SEC/MALDI-MS (a) and the molecular weight distribution of PSmix-A calculated from this calibration curve (b). Interestingly, the calibration curve can be seen to bend at the border between each constituent PS around 21.9 and 22.8 min; the resulting molecular weight distribution is thus distorted from the corresponding MALDI mass spectrum shown in Fig. 1 . This phenomenon would be caused by the fact that the actual molecular weight distribution of each fraction is not necessarily a Gaussian shape, especially around the borders between the original PS, as shown in the MALDI mass spectra for fractions #6 and #7 in Fig. 2 . Furthermore, the considerable quantity of PS oligomers at around 8000 and 14000 units, which are actually almost absent in Figs. 1 and 2 (the mass spectra for #6 and #7), are clearly observed in Fig. 3b . This fact is chiefly caused by band broadening on the SEC chromatogram. These results indicate that even conventional SEC/MALDI-MS cannot always provide accurate molecular weight distributions.
Although an extreme example is demonstrated here, basically the same phenomenon is likely to occur theoretically to some extent in conventional SEC/MALDI-MS for any polymer samples depending on their molecular weight distribution.
On the other hand, in SEC/paMALDI-MS, the experimental procedures were performed in the same manner as for conventional SEC/MALDI-MS, whereas the data processing was quite different, as described in the Theory section. First, the area of an f-th fraction Af on the SEC chromatogram was calculated. For the same f-th fraction, a set of If,i and Mf,i was then obtained from the corresponding MALDI mass spectrum, where If,i is the peak intensity of PS i-mer in the f-th fraction and Mi is its molecular weight obtained by subtracting the atomic mass of silver (108.87) from the observed m/z value. These three parameters Af, If,i, and Mi were then substituted into Eq. (5) to obtain the correction factor k′f, followed by determination of xf,i according to Eq. (11). Finally, according to Eq. (12) or (13), the composition of the i-th oligomer Xi in mol% or Wi in wt% could be derived. Actual data processing mentioned above could be easily performed using in-house software. Figure 4 illustrates the molecular weight distribution in mol% (vertical-bars) and in wt% (plots) of PSmix-A. It should be noted that each bar and plot corresponds respectively to the mol and weight composition of each oligomer with a different molecular weight. From this molecular weight distribution, PSmix-A was composed of oligomers in the 24 -230 mer range with the minimums at 75 and 133 mer, and the most abundant oligomer would be 55-mer with 1.6 mol% or 170-mer with 1.6 wt%, respectively. A well-resolved trimodal molecular weight distribution corresponding to PS 6k, 10k, and 18k suggests that the effect of band broadening arising in SEC separation was successfully avoided. To verify this method quantitatively, the original composition of the polydisperse PS mixture samples was determined by summing the range of 24 -75 mer for PS 6k, 76 -133 mer for PS 10k, and 134 -230 mer for PS 18k, respectively. Table 1 summarizes the composition in wt% of the constituent PS 6k, 10k, and 18k in the three kinds of the PS mixture samples with different feed ratios. The composition data for all PS mixture samples determined by SEC/paMALDI-MS measurements of the PS mixture are in very good agreement with the feed figures. In Table 2 , average molecular weight and polydispersity values for the individual constituent PS calculated from the molecular weight distribution obtained by the SEC/paMALDI-MS measurements of the PS mixture samples were also comparable to the reference values for each PS sample certified by the supplier. These results demonstrate
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ANALYTICAL SCIENCES SEPTEMBER 2004, VOL. 20 that SEC/paMALDI-MS provides reasonably accurate molecular weight distribution. Based on the data processing procedure of SEC/paMALDI-MS, we also propose a method of depicting the elution profiles for each oligomer during SEC separation as a mass chromatogram. A plot of the mole fraction xf,i as a function of molecular weight (or degree of polymerization) and the fraction number (or elution time) make it possible to depict threedimensional (3-D) elution profiles of the whole sample. Figure  5 shows the 3-D plot in the case of PSmix-A separation, where the mole fraction xf,i is converted into the composition Xf,i (mol%). Elusion behavior can be clearly observed for the elution from higher molecular weight oligomers to lower ones. A cross-sectional view of the 3-D plot (Xf,i vs. elution time) corresponds to the mass chromatogram for a PS i-mer. Figure 6 shows the mass chromatograms for the most abundant PS oligomers in each PS standard, i.e., 55-mer for PS 6k, 97-mer for PS 10k, and 170-mer for PS 18k. Here, the plots were fitted with a Gaussian curve to depict chromatographic peaks. The resulting chromatographic peaks make it possible to inspect the SEC column performance. The number of theoretical plates N has been widely used as a measure of chromatographic performance given by
where tR is the retention time and W1/2 is full width at halfmaximum intensity (FWHM). Table 3 summarizes the numbers of theoretical plates N for PS 55, 97, and 170-mer based on the peaks fitted with the Gaussian curve. It should be noted that the numbers of theoretical plates for PS 55 and 97-mer were higher than that for PS 170-mer, because the column suitable for oligomer separation (G-2000HXL column; the Mw exclusion limits for PS is 1 × 10 4 ) was also connected in the column series.
Conclusion
The present study demonstrated that the proposed SEC/paMALDI-MS made it possible to determine the accurate molecular weight distribution for the individual oligomer species of PS mixture samples. The data processing was independent of the problems with band broadening and inadequate calibration curves that are inevitable for SEC. The proposed SEC/paMALDI-MS also enables the determination of the composition and the average molecular weight of individual polymer homologues with different chemical structures (e.g. different end-groups, copolymers, polymer blends, etc.), if these components can be separately observed on the MALDI mass spectra, and if the desorption/ionization efficiency and detector responses for various polymer species are constant or correctable. Another important feature of SEC/paMALDI-MS concerns the depiction of mass chromatograms for each oligomer separately. This method would be useful not only to evaluate SEC conditions but also to study the hydrodynamics of individual polymer molecules in detail. Further studies in this line are currently in progress. 
